EXPLORE THE TECHNO-ECONOMIC VIABILITY OF USING LARGE-SCALE ADDITIVE MANUFACTURING (AM) FOR HIGH-PERFORMANCE WINDOWS
This phase one technical collaboration project (MDF-TC-2016-102) began September 15, 2016 and was completed on September 28, 2018. Alcoa is a large business, and this project found that additive manufacturing is a very useful tool for creating custom energy efficient windows.
BACKGROUND
Current window manufacturing practices are highly labor-intensive (more than one-third of product cost is from labor), and the scope for automation is limited due to high customization requirements (e.g. sizes, configurations). Additive manufacturing (AM) presents an interesting opportunity to significantly reduce labor, material cost, production time, number of parts, add customization benefits, enable faster product design and development cycle, and enhance product performance.
Oak Ridge National Laboratory's (ORNL) Manufacturing Demonstration Facility (MDF) was the ideal partnership for the research venture because the MDF has the engineering expertise and equipment to thoroughly research the applicability of large area 3D printing for window manufacturing.
ORNL proposed the use of Big Area Additive Manufacturing (BAAM) to address the issues associated with high cost and extensive manual labor. Using the BAAM process, several designs of custom windows could be fabricated during a single print, each taking minutes to complete. The complex, two-piece window designs could be drawn out precisely in computer aided design (CAD), and then transferred to the BAAM printer where complexity of the object to be printed is irrelevant. Traditional manufacturing requires a custom mold or form be made for each specific window design, but BAAM does not require molds. The window frames could be modeled and then printed immediately.
Metrics for success were established in the following ways: Multiple custom designs would be fabricated during a single print on the BAAM printer. The designs would be unique and energy efficient. The print would be completed in a timely manner.
TECHNICAL RESULTS
Overall, this phase one technical collaboration was a success. Kawneer provided ORNL with product specifications and designed CAD models appropriate for AM. ORNL provided material guidance and selection, cost estimates for the 3D printing process, and used BAAM technology to manufacture several window prototypes.
The window prototypes were manufactured using carbon fiber reinforced acrylonitrile butadiene styrene (CF-ABS) polymer. Each window consisted of two pieces, which took approximately 20 minutes per set to 3D print. The windows weighed 22lbs each. Fig. 1 shows three window frame sets as they were being fabricated in the BAAM machine. The build volume of the additive manufacturing system determines how many sets you can print in a single build. As shown in Fig. 1 , the BAAM system can print up to five sets -one set per build sheet. Fig. 2 shows one complete frame prototype, ready to be assembled. Design features included curved sides and void areas that assisted with frame malleability and 3 overall fit by increasing friction to hold the two pieces together.
Researchers at the MDF explored different shapes of window frames to validate the customization that AM provides to the manufacturing process. The various shapes of window prototypes are shown in Fig. 3 and Fig. 4 . Later designs of the windows involved inserting glass into the part during printing. For testing, the insertion was done manually by a human while the print was paused. Inserting the glass into the molten polymer during printing meant having an airtight seal around the window. With a tight seal, no caulk is needed around the glass and no assembly of the frame is needed. At the completion of the printing, as shown in Fig. 5 , the window can be removed from the printer and is ready for use.
4 After the window frames were printed at the MDF, they were shipped to Kawneer. Kawneer then constructed sample walls into which the test windows were installed (Figs. 6 and 7) . Validation of window performance was then completed. Kawneer found the prototypes to have good structural properties, but felt further work was necessary to improve the aesthetic and versatility of the as-printed frame. With the current means of slicing (preparing the computer design file for printing), there are two methods of producing a frame. The first method involves printing the outer perimeter of the frame and continually offsetting inwards until the desired bead width is achieved. The obstacle here is that the desired width measurement of the finished window must be a multiple of the bead width. For example, a 1.5" thick window frame cannot be made using a 0.34" bead width. The other problem with this method is that there are starts and stops for each bead, making an imperfect seam that effects the ability to inset a perfectly square sheet of glass.
The second method of producing a frame involves printing the outer and inner perimeters, then filling between them with a raster. This allows for more flexible dimensions, such as a 1.5" thick window frame. However, the raster pattern might not create a perfect air and water tight seal, which would decrease the window's efficiency.
As a result, Kawneer proposed a third method that was an adaption of the first method. Instead of offsetting the outer perimeter inwards, the outer perimeter was spiraled inward. This made for just one start and stop per layer, which increased the accuracy of the printed right angles. The drawback is that this approach has geometric limitations. A simple shape, such as a rectangular window frame, is the ideal application of spiralized printing. However, if Kawneer were to pursue more complex geometries, the spiralizing technique can become more difficult. The three methods can be seen in 
IMPACTS
This project had several impacts -it was a novel project; it researched a way to find cost-savings in an industry that is required for almost every building; it resulted in the creation of a tool that can be used to evaluate the cost of AM windows; and it provided an avenue for an industry leader to save energy in manufacturing their product.
Novelty: At the time of this project, no one had attempted to design and develop windows for production using AM. This was the first project that focused on understanding the design and production efficiencies (or limitations) of AM over current methods.
Cost-Savings: AM provided design, production, and lead-time efficiencies that could lead to lower product cost if deployed long term.
Tool to Evaluate Window Cost Using AM: A tool was developed in this project that forecasts the costs of windows fabricated using AM, which can then be used to develop a model to forecast the production window cost.
Energy-Savings: Design and production using AM reduces the process energy used, and the windows themselves were found to be more energy efficient because the glass can be inserted during the printing process creating a potentially perfect, airtight seal. However, Kawneer had concerns about the defects created by starts and stops and geometric limitations of the spiralized approach.
SUBJECT INVENTIONS
There were no subject inventions as a result of this project.
CONCLUSIONS
Overall, the project was a success. Alcoa/Kawneer designed and provided several window CAD models. The MDF fabricated several window frames from the models including frames where the glass was inserted during printing. ORNL also developed a new method of creating toolpaths for printing the frame prototypes. Kawneer took delivery of the frames and did structural testing by inserting them into a pseudo building. The structural testing proved to be viable in both material strength and energy efficient of the window frames.
